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ABSTRACT 

Wear experiments were conducted using replication electron microscopy and 

reflection electron diffraction to study abrasion and deformed layers produced 

In single-crystal Mn-Zn ferrites under three-body abrasion. The abrasion 

mechanjsm of Mn-Zn ferrite changes drastically with the size of abrasive grits. 

With 15-pm (1000-mesh) SIC grits, abrasion of Mn-Zn ferrite is due principally 

m to brittle fracture; while with 4- and 2-pm (4000- and 6000-mesh) SIC grits, 
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abrasion is due to plastic deformatlon and fracture. Both microcracking and 

plastic flow produce polycrystalline states on the wear surfaces of single- 

crystal Mn-Zn ferrites. Coefficient of wear, total thickness of the deformed 

layers, and surface roughness of the wear surfaces Increase markedly with an 

increase in abrasive grit size. The total thicknesses of the deformed layers 

are 3 pm for the ferrite abraded by 15-pm SIC, 0.9 pm for the ferrite abraded 

by 4-pm SIC, and 0.8 pm for the ferrite abraded by 2-pm SIC. 

INTRODUCTION 

Magnetic heads for telemetry, Instrumentation, audio, video, and data 

recording applications are commonly made of ceramic materials (e.g., Mn-Zn 

ferrite, Ni-Zn ferrite, and 70A1203-30TiC). 

this study is generally considered to be highly resistant to abrasive wear, 

The Mn-Zn ferrite used for 
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and t h i s  p r o p e r t y  I s  a major  reason f o r  t h e  s e l e c t i o n  of t h i s  m a t e r i a l  f o r  

magnet ic head a p p l i c a t i o n s  ( 1 - 3 ) .  

Convent lonal  magnet ic r e c o r d i n g  i s  accompl ished by t h e  r e l a t i v e  m o t i o n  o f  

magnet lc media (tape, f l o p p y  d i s k s ,  and r i g i d  d i s k s )  a g a i n s t  a s t a t i o n a r y  

( a u d l o  o r  computer) o r  r o t a t l n g  ( v l d e o )  r e a d - w r i t e  magnetic head. 

p h y s l c a l  c o n t a c t  between t h e  media and t h e  head d u r i n g  s t a r t i n g  and s topp ing ,  

o r  over  t h e  e n t i r e  o p e r a t i n g  process. Th is  p h y s i c a l  c o n t a c t  r e s u l t s  i n  medla 

and head wear and generates wear d e b r i s .  Head wear is o f  concern n o t  o n l y  

because o f  t h e  cost and Inconvenlence o f  r e p l a c i n g  heads, b u t  a l s o  because o f  

t h e  g radua l  change in t h e  magnet ic c h a r a c t e r l s t l c s  o f  t h e  head t h a t  

accompanies t h e  wear process. 

There i s  

Most magnetic media (e.g., magnet ic tapes )  a r e  i n h e r e n t l y  a b r a s i v e  and 

cause p r i m a r i l y  two-body a b r a s i o n  i n  magnet ic heads ( 4 ) , ( 5 ) .  I n  a d d i t i o n ,  t h e  

wear d e b r i s  p a r t i c l e s  f r o m  t h e  magnet ic media and head o r  t h e  d i r t  e n t r a i n e d  

i n  o p e r a t l n g  systems can cause media and head wear by three-body a b r a s i o n  

d u r i n g  t h e  o p e r a t l n g  process. 

I n  t h e  p a s t  t h r e e  symposia t h e  a u t h o r  and h i s  co l leagues have p u b l i s h e d  

a r t i c l e s  concerned w i t h  t h e  mechanisms o f  f r i c t l o n  and wear o f  b o t h  t h e  head 

and t h e  s t o r a g e  media under c o n d i t i o n s  where two-body a b r a s i o n  dominates ( 4 ) ,  

( 6 - 9 ) .  Th ls  paper, however, concen t ra tes  on t h e  s tudy o f  t h e  a b r a s i v e  wear o f  

s i n g l e - c r y s t a l  Mn-Zn f e r r i t e  under c o n d i t i o n s  where three-body a b r a s i o n  

dominates.  Three-body a b r a s i o n  i s  t h e  mechanism i n v o l v e d  i n  t h e  f i n i s h i n g  o f  

s o l l d  su r faces  (10 -15 ) -  For example, t h e  p o l l s h l n g  o f  Mn-Zn f e r r l t e  su r faces  

i n v o l v e s  three-body a b r a s i o n .  The knowledge ga lned  i n  t h i s  s tudy  may a s s i s t  

I n  a c h i e v i n g  a b e t t e r  unders tand lng  o f  t h e  c h a r a c t e r i s t i c s  o f  Mn-Zn f e r r i t e  i n  

such o p e r a t l o n s  as p o l i s h l n g .  

2 



l h e r e f o r e ,  t h e  o b j e c t i v e  of t h l s  paper i s  t o  i n v e s t i g a t e  t h e  wear and t h e  

deformed l a y e r  o f  s i n g l e - c r y s t a l  Mn-Zn f e r r i t e  under three-body a b r a s i o n  and 

t o  examine t h e  e f f e c t  of a b r a s i v e  g r i t  s i z e  on t h e  wear o f  t h e  f e r r i t e  and on 

t h e  f o r m a t i o n  o f  t h e  deformed l a y e r .  

MATERIALS 

Table 1 p resen ts  t h e  composi t ion and hardness d a t a  f o r  s i n g l e - c r y s t a l  

Mn-Zn f e r r i t e  { l o o )  su r faces .  The as-grown s i n g l e - c r y s t a l  Mn-Zn f e r r i t e  

used i n  these  exper iments was b e t t e r  t han  99.9 pe rcen t  pure.  The 

c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  of the s i n g l e - c r y s t a l  f e r r i t e s  were determined 

by t h e  b a c k - r e f l e c t i o n  Laue method and a r e  t o  an accuracy o f  +,lo f o r  t h e  

{ loo}  su r face .  

The s i n g l e - c r y s t a l  Mn-Zn f e r r i t e  s u r f a c e  was examined by Auger e l e c t r o n  

spect roscopy ( 1 6 ) .  The c r y s t a l  was i n  t h e  as -po l i shed  s t a t e .  A f t e r  b a k i n g  

o u t  i n  a vacuum, t h e  c r y s t a l  sur face was s p u t t e r  c leaned w i t h  argon i o n s .  The 

Auger s p e c t r a  r e v e a l e d  t h a t  t h e r e  were smal l  amounts o f  manganese and z i n c  on 

t h e  f e r r i t e  s u r f a c e  as w e l l  as oxygen and i r o n  i n  t h e  c r y s t a l .  The i m p u r i t i e s  

i n  t h e  c r y s t a l s  were n e g l i g i b l y  small .  Thus, t h e  s i n g l e - c r y s t a l  Mn-Zn f e r r i t e  

was a h i g h - p u r i t y  m a t e r i a l .  

I h e  a b r a s i v e  g r i t s  used i n  t h i s  i n v e s t i g a t i o n  were s i l i c o n  c a r b i d e  (1000-, 

4000-, and 6000-mesh) powders. The v i s c o s i t y  o f  t h e  commercial o l i v e  o i l  

l u b r l c a n t  was 8 5 ~ 1 0 - ~  m2/s (85 cS) a t  20 "C. 

APPARATUS 

The apparatus used i n  t h i s  i n v e s t i g a t i o n  was a p o l i s h i n g  machine capable 

of  measur ing f r i c t i o n  d u r i n g  an ab ras i ve  wear exper iment.  The apparatus 

con ta ined  a 160-mm-diameter d i s k  ( l a p p i n g  p l a t e ) ,  a c o n d i t i o n i n g  r i n g  ( o u t e r  

d iameter ,  72  mm; i n n e r  d iameter ,  44  mm), and an arm. The arrangement I s  shown 

s c h e m a t i c a l l y  i n  F i g .  1. 
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The arm was pivoted with ball bearings. The pivots allowed the pin to be 

dead-weight loaded against the disk. The arm contained two flats assembled 

normal to the dlrectlon o f  friction application. The end of the arm contained 

the ferrite pin speclmen. Under an applied load, the friction force was 

sensed by strain gauges. 

The disk and ring were made of gray cast iron (tensile strength, 210 MPa 

or higher; Brinell hardness 174 to 197). The disk was rotated by a variable- 

speed drive. The conditioning ring contained twelve 2-mm-wide grooves that 

extended radially 30" apart. The conditloning ring was located near the 

adjustable roller arm (Fig. 1 ) .  

The flatness of the lapping dlsk was maintained to secure accurate 

tribological results. The surface contour of the disk was changed from concave 

t o  convex by moving the ring inwards or outwards. Between these conditions was 

a ring position that maintained a flat disk contour. Flatness measurements 

were made by polishing a specimen that was checked with a surface profilometer 

and a length-measurlng machine to determine the direction and approximate 

This procedure was repeated until the disk was flat. 

EXPERIMENTAL PROCEDURE 

ment the disk and ferrite pin specimen were lapped 

with the same abrasives and operating conditions as were applied in the 

experiment. This allowed the face o f  the ferrite pin (apparent contact area, 

30 mm2; width, 5 mm; length, 6 mm) to rest flat against the disk. 

Abrasive powder was suspended in a lubricant - olive 011. Commercial 

ollve oil Is a suspension liquid commonly used for lapping Mn-Zn ferrite In 

Industry. The mixture of the abrasive powder and the olive oil was allowed to 

drip into the conditioning ring (Fig. 1 ) .  The ring assisted in spreading the 

amount to move the ring i 

Before every exper 
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m i x t u r e  and i n  maintaining t h e  f l a t n e s s  o f  t h e  d i s k  d u r i n g  t h e  wear exper iment .  

The r a t i o  o f  a b r a s i v e  powder t o  o l i v e  o i l  was 27 w t  X .  New m i x t u r e  was added 

d u r l n g  t h e  wear exper lment  t o  m a i n t a i n  t h e  o r i g i n a l  a b r a s i v e  g r i t  s i z e .  The 

amount o f  t h e  m i x t u r e  supp l i ed ,  whlch depended on a b r a s i v e  g r i t  s i z e ,  was 

v a r i e d  f r o m  3 t o  6 cm /mln t o  m a i n t a i n  a s u f f i c i e n t  o i l - f i l m  t h i c k n e s s  and 

d i s k  f l a t n e s s .  The s l i d i n g  v e l o c i t y  was 0.5 m/s .  

3 

A f t e r  t h e  system shown i n  F i g .  1 was p r o p e r l y  c o n d i t i o n e d ,  t h e  Mn-Zn 

f e r r i t e  p i n  specimen was b rough t  i n t o  c o n t a c t  and loaded. The s l i d i n g  f r i c t i o n  

exper iment was t h e n  begun a t  an apparent c o n t a c t  p ressu re  t h a t  ranged f r o m  1 t o  

10 N/cm . The f r l c t l o n  f o r c e  was c o n t i n u o u s l y  mon i to red  d u r i n g  s l i d i n g .  A l l  

exper iments were conducted i n  room-temperature ( 1 5  t o  30 "C) l a b o r a t o r y  a i r  a t  

a r e l a t i v e  h u m i d i t y  o f  50 t o  70 percent .  

2 

The wear o f  t h e  f e r r i t e  due t o  a b r a s i o n  was determined as f o l l o w s :  

b e f o r e  and a f t e r  each exper iment ,  the h e i g h t s  o f  t h e  f e r r i t e  were measured by 

a length-measur ing machine w i t h  an accuracy o f  20.15 pm. Then t h e  volume o f  

m a t e r i a l  removed was c a l c u l a t e d  f r o m  t h e  apparent  c o n t a c t  area and t h e  

r e d u c t i o n  I n  t h e  h e i g h t  o f  t h e  f e r r i t e .  

The Mn-Zn f e r r i t e  was etched w i t h  h y d r o c h l o r i c  a c i d  a t  5021 "C. The wear 

and etched su r faces  were examined by t r a n s m i s s i o n  e l e c t r o n  microscopy and 

r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  i n  a microscope o p e r a t i n g  a t  100 kV. The 

s u r f a c e  roughness o f  t h e  wear sur faces was examined by a s t y l u s  t e c h n i q u e  

( s u r f a c e  p r o f i l o m e t r y ) .  

The ab ras i ves  were examined by t r a n s m l s s i o n  e l e c t r o n  microscopy t o  

e s t a b l i s h  t h e  b e s t  p o s s i b l e  g r i t  s l ze  and shape o f  t h e  a b r a s i v e  employed i n  

t h i s  i n v e s t i g a t i o n .  The ab ras i ves  t o  be examined were suspended i n  c o l l o d i o n  

f i l m .  To r e i n f o r c e  t h e  c o l l o d i o n  f i l m ,  a carbon f i l m  was vacuum-deposited on 
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t h e  c o l l o d i o n  f i l m  and ab ras i ves .  The a b r a s i v e  g r i t  s i z e  was o b t a i n e d  by 

measur ing 100 t o  150 g r i t s  i n  t r a n s m i s s i o n  e l e c t r o n  photomicrographs. 

RESULTS AND DISCUSSION 

Abras ive G r i t s  

F i g u r e  2 presents  t y p i c a l  t r a n s m i s s i o n  e l e c t r o n  photomicrographs o f  t h e  

ab ras i ves  (1000-, 4000-, and 6000-mesh S i c ) .  The SIC abras i ves  have a c u b e l i k e  

shape w i t h  many sharp edges. The g r i t  shape i s  n o t  dependent on t h e  a b r a s i v e  

g r i t  s i z e .  

F i g u r e  3 presents  g r i t  s i z e  d i s t r i b u t i o n  o f  t h e  S i c  a b r a s i v e s :  t h a t  i s ,  

t h e  r e l a t i v e  amounts of  g r i t s  o f  t h e  va r ious  s i z e s  i n c l u d e d  i n  t h e  powders. 

Because t h e  g r i t s  were shaped i r r e g u l a r l y ,  two dimensions ( t h e  l a r g e s t  d iameter  

and t h e  s m a l l e s t  d iameter  o f  each p a r t i c l e )  were measured f r o m  t h e  t r a n s m i s s i o n  

e l e c t r o n  photomicrographs. The bel l -shaped curves r e v e a l  a g e n e r a l l y  s t r o n g  

c o r r e l a t l o n  w i t h  t h e  normal d i s t r i b u t i o n .  Therefore,  t hey  a r e  expressed i n  

terms o f  t h e  normal d e n s i t y  f u n c t i o n .  The average s i z e s  and s tandard  d e v i a t i o n  

of t h e  measured values of t h e  a b r a s i v e  g r i t s  a r e  l i s t e d  i n  Tab le  2. The 1000-, 

4000-, and 6000-mesh a b r a s i v e s  had average g r i t  s i z e s  o f  15, 4, and 2 prn ( w i t h  

narrow t o l e r a n c e s ) ,  r e s p e c t i v e l y .  

The c r y s t a l l i n e  shape o f  t h e  S i c  g r i t s ,  p a r t i c u l a r l y  t h e  shape o f  t h e  

g r i t s  a long  t h e l r  l a r g e s t  d iameter ,  makes them ve ry  sharp.  F i g u r e  4 p resen ts  

t h e  ang le  d i s t r i b u t i o n  o f  c u t t i n g  edges o f  t h e  a b r a s i v e  g r i t s  a l o n g  t h e i r  

l a r g e s t  d iameter .  The a n g l e  d i s t r i b u t i o n s  f o r  t h e  1000-, 4000-, and 6000-mesh 

a b r a s i v e  g r i t s  w e r e  n e a r l y  t h e  same. A l a r g e  number o f  t h e  edges had angles 

r a n g i n g  f rom 90' t o  100". 

Abras ive Wear 

The ab ras i ve  g r i t s  used i n  t h i s  i n v e s t i g a t i o n  (1000-, 4000-, and 

6000-mesh S i c )  abraded t h e  f e r r i t e  su r faces  i n  s l i d i n g  c o n t a c t .  The wear o f  
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s l n g l c - c r y s t a l  Mn-Zn f e r r i t e s  was l i n e a r l y  p r o p o r t l o n a l  t o  t h e  d i s t a n c e  of  

s l l d l n g ,  r e g a r d l e s s  of  t h e  ab ras l ve  g r i t  s l z e .  The wear was h i g h l y  

r e p r o d u c i b l e .  

F i g u r e  5 p r e s e n t s  r e p l i c a t i o n  e l e c t r o n  photomicrographs and r e f l e c t i o n  

e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  o f  wear su r faces  o f  s i n g l e - c r y s t a l  Mn-Zn f e r r i t e  

abraded by 15- and 4-pm (1000- and 4000-mesh) S I C  g r i t s  under t h e  three-body 

c o n d i t l o n .  There a r e  a c t u a l l y  t w o  wear modes i n v o l v e d  i n  t h e  a b r a s i v e  

processes. W i t h  15-pm S I C  g r i t s ,  ab ras ion  r e s u l t e d  i n  b r l t t l e - f r a c t u r e d  f a c e t s  

on t h e  Mn-Zn f e r r i t e  s u r f a c e  because o f  c leavage and quasi -c leavage.  

4-pm S I C  g r i t s ,  a l a r g e  number o f  p l a s t i c a l l y  deformed i n d e n t a t i o n s  and grooves 

were produced on t h e  Mn-Zn f e r r i t e  su r faces  by l n d e n t l n g ,  p lowing,  and 

m i c r o c u t t i n g .  A v e r y  few b r i t t l e - f r a c t u r e d  f a c e t s ,  depending on a p p l i e d  normal 

load,  were observed on t h e  su r face  abraded by t h e  4-pm S I C  g r i t s .  

W i t h  

P o l y c r y s t a l l l n e  d i f f r a c t i o n  p a t t e r n s  taken  on b o t h  o f  t h e  abraded 

su r faces  o f  s i n g l e - c r y s t a l  Mn-Zn f e r r i t e  con ta lned  con t inous  a r c s  e x t e n d i n g  

over n e a r l y  a s e m i c i r c l e  [ F l g s .  5 ( a )  and ( b ) ] .  For t h e  gross f r a c t u r e  s u r f a c e  

o f  t h e  f e r r i t e  generated by 15-pm S I C  g r i t s ,  t h e  a rcs  a r e  much sharper  than  

those  generated by 4-pm S i c  g r i t s .  The sharp a rcs  a r e  due t o  m ic roc rack  

f o r m a t l o n  on t h e  Mn-Zn f e r r i t e  sur face caused by 15-pm S i c  g r i t s .  Such 

m lc roc racks  s u b d i v i d e  a s l n g l e - c r y s t a l  Mn-Zn f e r r i t e  c r y s t a l  i n t o  po l ygona l  

subgra ins .  The broad a r c s  l n d l c a t e  a l a r g e  e x t e n t  o f  p l a s t i c  d e f o r m a t l o n  

p r e s e n t  on t h e  abraded su r face  o f  s l n g l e - c r y s t a l  Mn-Zn f e r r i t e .  A h i g h l y  

s t r a i n e d  Mn-Zn f e r r i t e  s u r f a c e  was produced by 4-prn S I C  g r i t s .  W i th  2-pm 

(6000-mesh) S i c  g r i t s ,  wear surfaces and r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  

p a t t e r n s  of  Mn-Zn f e r r l t e  were very s l m l l a r  t o  those o f  t h e  su r faces  abraded 

by 4-pm S I C  g r i t s .  Thus, t h e  ab ras lon  mechanlsm o f  t h e  f e r r i t e  o x i d e  ceramic 

changes d r a s t l c a l l y  w i t h  the s l z e  o f  t h e  a b r a s i v e  g r i t s .  W i th  15-prn S i c  
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g r l t s ,  f e r r i t e  ab ras ion  'IS p r l n c l p a l l y  due t o  b r i t t l e  f r a c t u r e ;  w h l l e  w i t h  4- 

and 2 pm S i c  g r l t s ,  i t  I s  due t o  p l a s t i c  de fo rma t ion  and f r a c t u r e .  

Deformed Layer 

The ab ras i ve  g r i t s  generated p l a s t i c  de fo rma t ion  and m ic roc racks  and 

developed a deformed l a y e r  on t h e  f e r r i t e  s u r f a c e  I n  s l i d i n g  c o n t a c t ,  as 

d lscussed i n  t h e  p r e v i o u s  s e c t i o n .  R e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  

w i t h  chemical  depth p r o f i l i n g  were ob ta ined  f o r  b o t h  t h e  wear and etched 

su r faces  t o  f u r t h e r  i n v e s t l g a t e  t h e  c r y s t a l l i n e  s t a t e  o f  t h e  s u r f i c i a l  l a y e r  

o f  s i n g l e - c r y s t a l  Mn-Zn f e r r i t e .  The e t c h i n g  was done w i t h  h y d r o c h l o r i c  a c i d  

a t  50+1 "C. The r e s u l t s  o f  ab rad lng  f e r r i t e  su r faces  w i t h  15- ,  4 - ,  and 2-pm 

S I C  g r l t s  a r e  presented i n  F i g s .  6, 7,  and 8, r e s p e c t l v e l y .  

F l g u r e  6 shows t h e  e l e c t r o n  d l f f r a c t i o n  p a t t e r n s  ob ta ined  f r o m  t h e  wear 

and etched sur faces o f  a s i n g l e - c r y s t a l  f e r r i t e  abraded by t h e  15-pm S I C  g r i t s .  

The wear s u r f a c e  was s e v e r e l y  d i s t o r t e d  and had p o l y c r y s t a l l i n e  s t a t e s  [ F i g .  

6 ( a ) ] .  The d i s t o r t l o n  o f  t h e  f e r r i t e  s u r f a c e  v e r i f i e d  by t h e  e l e c t r o n  

d i f f r a c t i o n  p a t t e r n  was due m a i n l y  t o  m i c r o c r a c k i n g .  The su r faces  o f  t h e  

f e r r l t e  e tched t o  depths o f  1.2 and 1.8 pm f r o m  t h e  wear s u r f a c e  had an 

en la rged  s t r e a k  spot p a t t e r n .  T h i s  t y p e  o f  p a t t e r n  i s  caused by a h i g h l y  

d l s t o r t e d ,  mosalc s i n g l e - c r y s t a l  s t r u c t u r e  c o n t a l n l n g  a l a r g e  amount o f  

m ic roc racks .  The m lc roc racks  i n  t h e  deformed l a y e r  decreased as t h e  depths 

below t h e  wear su r face  Inc reased .  The s u r f a c e  etched t o  a dep th  o f  3.2 pm had 

a r e l a t i v e l y  sharp spo t  p a t t e r n  w i t h o u t  s t r e a k i n g  [ F i g .  6 ( f ) ] .  The s u r f a c e  

etched t o  a depth o f  3.3 pm had K l k u c h l  l i n e s ,  which i n d l c a t e  a b u l k  

c r y s t a l l i n e  s t r u c t u r e  c o n t a l n l n g  no mechanical  s t r e s s  lnduced d u r i n g  a b r a s i o n  

[ F i g .  6 ( g ) ] .  NO mlcrocracks were observed on t h e  s u r f a c e  etched t o  a depth o f  

3.3 pm. 



; -  

Figure 7 shows the electron d i f f rac t ion  pat terns  obtained from the  wear 

and etched surfaces  of the single-crystal  Mn-Zn f e r r i t e  abraded by 4-pm S i c  

g r i t s .  

[ F i g .  7 ( a ) ] .  

deformation and f r a c t u r e .  The  surface of the f e r r i t e  etched t o  depths of 

0.36 pm from the wear surface indicated a h i g h l y  s t ra ined,  mosaic s ingle-  

c rys ta l  s t ruc ture .  The amount of p las t ic  deformation and f r a c t u r e  i n  the  

deformed layer decreased as  the dep th  increased t o  0.36, 0.50, and 0.54 pm 

below the wear surface.  The surfaces etched t o  depths of 0.94 and 1.3 pm had 

K i k u c h i  l i n e s ,  which indicate  a bulk single-crystal  s t ruc ture .  The  s t r u c t u r e  

and depth of the deformed layer of f e r r i t e  abraded by 2-pm SIC g r i t s  were 

s imilar  t o  those of f e r r i t e  abraded by 4-pm SIC g r i t s  ( F i g s .  7 and 8) .  

The wear surface was severely d is tor ted  and had polycrys ta l l ine  s t a t e s  

The d i s t o r t i o n  of the surface i s  due mainly t o  p l a s t i c  

Figure 9 presents a summary o f  schematic s t ruc tures  f o r  the deformed 

layers of the abraded s ingle-crystal  Mn-Zn f e r r i t e s  as a function of etching 

depth (d is tance  from the wear surface).  

which was determined w i t h  re f lec t ton  electron d i f f r a c t i o n  by d e p t h  p r o f i l i n g ,  

Increased markedly w i t h  an increase i n  g r i t  size. 

The thickness of the deformed layers ,  

Coefficient of Wear 

W i t h  15-pm SIC g r i t s ,  the abrasive wear of single-crystal  Mn-Zn f e r r i t e s  

increased l i n e a r l y  as  a function of applied normal load ( t h e  apparent contact  

pressure a t  the  s l i d i n g  surface of the f e r r i t e  speclmen) as  shown i n  F ig .  10. 

For t h i s  f i g u r e ,  the average wear rate was defined as  the volume of f e r r i t e  

removed per u n i t  d is tance of s l id ing .  

On  the  other  hand, the abrasion of the  f e r r i t e  w i t h  4-prn S i c  g r i t s  

introduced two regimes [ F i g .  10(b) ] .  The wear increased l inear ly  w i t h  the  

applied load, b u t  the  r a t e  of increase ( s lope)  changed near a contact pressure 

of 4 N/cm . W i t h  4-pm SIC g r i t s ,  the abrasion was due pr incipal ly  t o  2 

9 



p l a \ l l c  d ( ~ t o r n i d 1 I o r i  drttl f r d c t u t e .  lhere wt8rc a very  few b r l t t l e - f r a c t u r e d  

facets  [Fly.  5 ( b ) ] .  The number o f  the b r i t t l e - f r a c t u r e d  f a c e t s  increased 

great ly  a t  apparent contact pressures above the  t rans i t ion  pressure.  

W i t h  2-pm SIC g r i t s ,  abrasion of f e r r i t e s  was l inear ly  proportional t o  

the applied normal load. 

The coef f lc len ts  of wear a r e  presented as a function of abrasive g r i t  

s i z e  i n  F i g .  1 1 .  Coefficient of wear was strongly dependent on abrasive g r i t  

s i z e ;  t h a t  i s ,  i t  increased markedly w i t h  an increase In g r i t  s i z e .  Many 

invest igators  have f o u n d  t h a t  abrasive wear increases w i t h  an increase i n  the 

s i z e  of the abrasive g r i t  up t o  a c e r t a i n  c r i t i c a l  value and t h e r e a f t e r  i s  

independent of g r i t  s ize  ( 1 3 ) .  The c r i t i c a l  g r i t  s i z e  (30- t o  150-pm 

diameter) depends strongly on the abrasive,  the mater ia l ,  the  experimental 

conditions,  and the experimental parameters (e .g . ,  load, veloci ty ,  and 

environment). The g r i t  s i z e  i n  t h i s  study was 15-ym i n  average diameter or 

smaller. This i s  much l e s s  than the c r i t i c a l  g r i t  s i z e  f o u n d  by many 

invest igators  ( 1 3 ) .  Figure 11 c lear ly  indicates  t h a t  the larger  the g r i t  s i z e ,  

the greater  the  wear r a t e .  

Figure 1 2  presents the surface roughness of the wear surfaces f o r  

s ingle-crystal  Mn-Zn f e r r l t e s  examined by surface profilometry as a function 

o f  abrasive g r i t  s i z e .  

i r r e g u l a r i t i e s )  depended s igni f icant ly  on the abrasive g r i t  s i z e .  The surface 

roughness increased w i t h  an increase i n  abrasive g r i t  s i z e .  The surface 

roughness of the f e r r i t e s  abraded by 15-pm S i c  g r i t s  was about 10 t o  15 times 

greater  than t h a t  o f  the f e r r i t e s  abraded by 4-pm SIC g r i t s .  

The surface roughness (Rmax, maximum height of 



CONCLUSIONS 

The f o l l o w i n g  c o n c l u s i o n s  were drawn f rom wear exper lments u s i n g  e l e c t r o n  

microscopy and e l e c t r o n  d l f f r a c t l o n  t o  s tudy s i n g l e - c r y s t a l  Mn-Zn f e r r i t e s  

under three-body ab ras ion .  

1 .  There i s  a d r a s t i c  change In t h e  ab ras ion  mechanism o f  Mn-Zn f e r r i t e  

dependlng on t h e  s l z e  o f  a b r a s i v e  g r i t s .  

a b r a s l o n  o f  t h e  f e r r i t e  I s  due p r l n c i p a l l y  t o  b r i t t l e  f r a c t u r e ;  w h i l e  w i t h  t h e  

Wi th 15-um (1000-mesh) S I C  g r i t s ,  

4-  and 2-pm (4000- and 6000-mesh) S I C  g r i t s ,  ab ras ion  i s  due t o  p l a s t i c  

de fo rma t ion  and f r a c t u r e .  

2. Considerable m i c r o c r a c k i n g  ( w i t h  15-pm S I C  g r i t s )  o r  p l a s t l c  f l o w  

t o g e t h e r  w l t h  f r a c t u r e  ( w i t h  4- and 2-vm S i c  g r i t s )  d r a s t i c a l l y  changes t h e  

c r y s t a l l i n e  s t a t e  o f  f e r r i t e  surfaces. 

on t h e  wear su r faces  o f  s i n g l e - c r y s t a l  Mn-Zn f e r r l t e s  abraded by 1 5 ,  4-, and 

2-um S I C  g r i t s .  

P o l y c r y s t a l l i n e  s t a t e s  were produced 

3 .  C o e f f i c i e n t  o f  wear, t o t a l  t h i ckness  o f  t h e  deformed l a y e r s ,  and 

s u r f a c e  roughness o f  t h e  wear sur face a r e  s t r o n g l y  dependent on a b r a s i v e  g r i t  

s i z e .  They I n c r e a s e  markedly  w l t h  an i n c r e a s e  i n  a b r a s i v e  g r i t  s l z e .  

4 .  The t o t a l  t h i c k n e s s e s  o f  the deformed l a y e r s  a r e  3 um f o r  t h e  f e r r i t e  

abraded by 15-pm S I C ,  0.9 pm f o r  the f e r r i t e  abraded by 4-pm S I C ,  and 0.8 pm 

f o r  t h e  f e r r i t e  abraded by 2-urn SIC.  
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TABLE 1. - COMPOSITION AND HARDNESS OF SINGLE-CRYSTAL 

Mn-Zn FERRITL 

Composltlon. ut % 
Fez03 . . . . . . . . . . . . . . . . . .  71.6 
MnO . . . . . . . . . . . . . . . . . . .  17.3 
ZnO . . . . . . . . . . . . . . . . . . .  1 1  - 1  

(100) plane, <001> direction . . . . . .  630 
{loo} plane, <Oil> dlrection . . . . . .  560 

(100) plane . . . . . . . . . . . . . . .  630 

Knoop hardness numbera 

Vickers hardness numberb 

aKnoop hardness measuring load, 3 N.  
bickers hardness measuring load, 0.5 N.  

1 
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c 

~ 

Average o f  smallest  
diameters o f  g r i t  
p a r t i c l e s ,  pm 

Average o f  l a rges t  
diameters o f  g r i t  
p a r t i c l e s .  pm 

TABLE 2 .  - ABRASIVE GRIT SIZE 

1000-mes h 
si c 

11.2 

17.9 

Average g r i t  
diameter, pm 

Ratlo o f  l a rges t  
t o  smallest  g r i t  
d i  ame te r  

14.6 

1 . 7  

Standard deviation 
o f  smallest  g r i t  
diameters, pm 

Standard deviation 
o f  l a rges t  g r i t  
diameters, pm 

Standard deviation 
o f  average g r i t  
diameters, pm 

Standard devlation 
o f  r a t i o  o f  l a rges t  
t o  smallest  g r i t  
d i ame t e r  

0.4 

0.6 

0.4 

0.1 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

( a )  1000-MESH S IC .  

(b )  4000-MESH SIC. 

FIGURE 1.  -APPARATUS FOR ABRASIVE WEAR. FIGURE 2. - TRANSMISSION ELECTRON PHOTOMICROGRAPHS OF SIC 
ABRASIVE GRITS. 
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FIGURE 3. - GRIT SIZE DISTRIBUTION OF 1000-, 4000-, AND 6000-MESH Sic ABRASIVES. 
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FIGURE 4. - ANGLE DISTRIBUTION OF CUTTING EDGES OF 

SIC ABRASIVES. 
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( a )  BRITTLE-FRACTURED FACETS GENERATED ON WEAR SURFACE ABRADED BY 15-pm S I C  GRITS. APPARENT CONTACT PRESSURE. 3 N/cm2 

(b) PLASTICALLY DEFORMED INDENTATIONS AND GROOVES GENERATED ON WEAR SURFACE ABRADED BY 4-pm S i c  GRITS. 

PRESSURE. 8 N/cm2. 

APPARENT CONTACT 

FIGURE 5. - REPLICATION ELECTRON PHOTOMICROGRAPHS AND REFLECTION ELECTRON DIFFRACTION PATTERNS (OPERATING VOLTAGE OF MICROSCOPE, 100 KV) 
ABRADED SURFACES OF CRYSTAL Mn-Zn FERRITES. ARROWS DENOTE CRACKS. 
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QRiGINAL PAGE IS 
OF POOR QUALlm 

( a )  WEAR SURFACE. 

( C )  ETCHED SURFACE. ETCHING DEPTH, 1.8 pm, 

( e )  ETCHED SURFACE. ETCHING DEPTH. 2.8 prn. 

( b )  ETCHED SURFACE. ETCHING DEPTH. 1.2 pm. 

( d )  ETCHED SURFACE. ETCHING DEPTH. 2.7 pm. 

( 1 )  ETCHED SURFACE. ETCHING DEPTH, 3.2 Urn. 

(9) ETCHED SURFACE. ETCHING DEPTH, 3.3 pn 

FIGURE 6. - DEFORMED LAYER OF SINGLE-CRYSTAL flOOl SURFACE OF-Mn-Zn FERRITE ABRADED BY 15-pm (1000-MESH) S i c  GRITS. 
APPARENT CONTACT PRESSURE, 4 N/cm2: SLIDING DIRECTION. <Oll> . 
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( a )  WEAR SURFACE. 

( C )  ETCHED SURFACE. ETCHING DEPTH, 0.50pm. 

(b) ETCHED SURFACE. ETCHING DEPTH, 0.36 pm. 

( d )  ETCHED SURFACE. ETCHING DEPTH. 0.54 pm. 

( e )  ETCHED SURFACE. ETCHING DEPTH. 0.94 pm. ( f )  ETCHED SURFACE. ETCHING DEPTH. 1.3 prn. 

FIGURE 7. - DEFORMED LAYER OF SINGLE-CRYSTAL 
PRESSURE, 4 N/cm2: SLIDING DIRECTION. < o i l > .  

5100 I SURFACE OF Mn-Zn FERRITE ABRADED BY 4-pm (4000-MESH) SIC GRITS. APPARENT CONTACT 

ORiGlNAL PAC: IS 
OF POOR QUALITY 
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( a )  MAR SURFACE. (b )  ETCHED SURFACE. ETCHING DEPTH. 0 . 2 6  pm. 

( C )  ETCHED SURFACE. ETCHING DEPTH. 0.39 pm. ( d )  ETCHED SURFACE. ETCHING DEPTH. 0.48 pm. 

( e )  ETCHED SURFACE. ETCHING DEPTH. 1.1 urn, 

FIGURE 8. - DEFORNED LAYER OF SINGLE-CRYSTAL f1001 SURFACE OF Mn-Zn FERRITE ABRADED BY 2-~m(6000-\ESH) S I C  GRITS. APPARENT CONTACl 
PRESSURE, 4 N/cm2: SLIDING DIRECTION. <Oll> . 
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